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Permanent magnet tubular linear motors have
shown potential for use as direct drives in high precision applications such as machine tools. These devices
have the ability to overcome or reduce many of the fundamental mechanical properties that limit the precision performance of traditional rotary to linear translation mechanisms, such as the ball screw. However,
the cogging of the motor must be minimised for high
precision applications. Previous work has assumed an
infinite stator length, but this approach has limitations.
This paper investigates the cogging force of a slotless
tubular motor with a stator of finite length using finite
element analysis. To assist with optimal design, the influence of different stator lengths and end effects is presented. Experimental data is given for validation.
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Figure 1: Axially magnetised PM with steel poles and armature
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Figure 2: Infinite stator length model
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ture and stator have a finite length. A 2D axisymmetric
FEA model can be conveniently solved ins.minimal time.
This eliminates the need to make any simplifying assump(E-3) N.
tions so that
cogging forces can be more accurately predicted, potentially enabling increases in the precision of a
machine tool axis drive.
In this paper, FEA is used to investigate the effects and
sensitivity that a stator with a finite length has on the cogging and recommendations to minimise these effects are
proposed. An experimental testbed was also constructed
to validate the FEA results.
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I NTRODUCTION

Linear motors are increasingly being used in many industrial and commercial applications, such as automated
manufacturing and machine tools [1]. Linear motors offer
many advantages over rotary to linear translation mechanisms, such as a ball screw, due to the elimination of the
mechanical linkages. Compared to a ball screw, linear motors exhibit less friction and less position dependent force
variations [2], along with elimination of backlash and flexing of the shaft [3].
Of the various topologies and configurations of linear motors, the Permanent Magnet Tubular Linear Motor
(PMTLM) is particularly attractive as it offers the highest force per weight ratio [4], has zero end windings and
zero net attractive force. Since the recent discovery of high
powered permanent magnets (NdFeB), slotless PMTLMs
have received much attention due to the great reduction in
cogging through the elimination of the teeth [2, 5].
Several analytical techniques have already been developed for analysing and reducing the cogging in slotless
PMTLMs [6, 5, 7]. While careful attention has been paid
to the finite length of the armature, the stator length has
been assumed to be infinite.
The stator in all PMTLM’s must have a finite length
(up to 4 m) as they must be supported at either end. There
are also many short stroke motors, where the stator is only
one or two poles longer than the armature. The high computing power now readily available enables Finite Element
Analysis (FEA) to be used to accurately determine the cogging force with nonlinearities found when both the arma-
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M OTOR C HARACTERISTICS

A schematic of a typical slotless PMTLM used in this
study for comparison purposes, with a finite length armature and stator is shown in Fig. 1. The motor developed and
built by the University of Wollongong has a pole length τp
of 30 mm and a magnet length τm of 20 mm. The armature length le is approximately 4 pole lengths at 132 mm.
The radius of the magnet and pole rm is 12.5 mm, the
armature inner and outer radii, rs and re are 26 mm and
30 mm respectively. FEA simulations of the motor have
been carried out with different numbers of stator poles
considered. For each case, the armature dimensions remained the same. The harmonic content of the cogging
forces were also calculated to clearly show the effects of
the finite length stator.
2.1

Infinite Stator Length

A stator with infinite length was modelled in FEA as
a benchmark. The electromagnetic FEA software package
Flux2D from Cedrat (version 10.3.2) was used for the simulations. Figure 2 shows the model with tangent boundary
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Figure 7: Comparison of cogging forces
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Figure 4: Infinite stator length cogging force harmonics
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Figure 8: Comparison of harmonics in cogging forces

conditions on the stator ends to represent the infinitely long
stator
The resultant cogging force for the infinite stator length
is shown in Fig. 3. Taking the Fourier series reveals two
frequency components (Fig. 4); the largest is the fundamental at 2 Hz per pole pair (60 mm) and another at 4 Hz
with a much smaller amplitude.
When the stator length is assumed to be infinite, the
armature length can be optimised to completely eliminate the first harmonic [7]. A parametric study of the
armature length reveals an optimal length for minimum
cogging, shown in Fig. 5. The optimal length occurs at
133.2 mm, which is just 1.2 mm longer than the built armature length. At 133.2 mm the fundamental harmonic is
cancelled, while the higher harmonic at 4 Hz is not.
2.2

Finite Stator Length

To highlight the significance of including the finite
length stator into the cogging force analysis, two FEA
models with different finite length stators were developed
and simulated. The model development and results of
these two models will be presented first, with a more com-

plete sensitivity analysis given in Section 3. The first
model has 10 poles as shown in Fig. 6 and the second is
similar, but has 20 poles. An infinite boundary was used to
include the end effects of the finite stator length.
The cogging force for the 10 and 20 pole stators are
shown in Fig. 7 and are compared to the infinite stator
length cogging force. The respective harmonics of the cogging forces are given in Fig. 8.
The comparison of the cogging forces over the middle 4 pole pitches (120 mm) for the 10 pole, 20 pole and
infinite stator length show that the 10 pole stator has an
additional significant harmonic present at 1 Hz. There is a
steady increasing trend in the 10 pole cogging force waveform. As the positive displacement and force is in the direction to the right, it can be seen that the armature in the
10 pole stator is generally attracted to the stator end as a
negative force is more developed when the armature is displaced to the left and a positive force is more developed as
the armature is displaced to the right. This phenomenon
is due to the stator end effect and makes it difficult to apply feed-forward techniques to reduce cogging by simply
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Figure 11: Experimental Validation
Figure 9: Cogging force for 20 pole stator over 400 mm
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Figure 10: Experimental Testbed

injecting a sinusoid into the commutation process.
The longer 20 pole stator has substantially reduced the
first harmonic when the armature is displaced by the same
amount. The 20 pole stator approximates an infinite stator length with better accuracy, with an improved cogging
reduction compared to the 10 pole stator.
The simulated cogging force over 400 mm around the
centre position is shown in Fig. 9, which gives a more complete picture to the cogging force over the entire length of
travel. The cogging force has a consistent pattern throughout most of the travel; however, the finite length of the stator greatly influences the cogging force when the armature
is near the end of the stator. The stator end effect is seen
when the armature is dispaced by ±150 mm. A displacement of ±200 mm corresponds to the end of the armature
being only 1 pole pitch away from the end of the stator.
An experimental testbed (Fig. 10) was built with 20
poles. The armature was mounted to an aluminium carriage (not shown), which slides along the linear bearings.
The experimental motor was driven with no external load
applied by a digital servo drive with a controller providing constant velocity control. The force command from
the controller was logged as the motor was moved in
the forward and reverse direction at a constant low speed
(Fig. 11). The DC offset in the measured results is due
to friction. Figure 11 shows good correlation between the
experimental and simulated results, which validate the developed FEA model. The small discrepancies in the experimental results can be accounted for by other mechanical factors, such as position dependent frictional forces or
slight misalignment.
The results from the developed 10 and 20 pole FEA
models have been given and experimentally verified. It has
been shown that the 20 pole stator gives a better approxi-
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Figure 12: Cogging force for various stator lengths

mation to an infinite stator length, but still exhibits stator
end effects as the armature is brought near the stator ends.
3

S ENSITIVITY TO STATOR LENGTH

A sensitivity analysis of the stator length was carried
out to determine the effects of different stator lengths. A
study was carried out in FEA to consider stator lengths
from 8 poles to 20 poles, in 2 pole length increments. The
cogging forces of each stator length is shown in Fig. 12
over ±60 mm around the centre. It can be seen that the
cogging force for the 8 and 10 pole stators is significantly
different in shape to the cogging forces generated by 12
poles and above. The 8 pole stator has a peak cogging
force of over 3 times the cogging force of the infinite stator length, while the peak cogging force for 14 poles and
above is less than 1.37 times as large. The harmonic content of each stator length is shown in Fig. 13. The harmonic results reveal that there is no significant difference
in the cogging force for 16 poles and above if the armature
is limited to a ±60 mm displacement. Since the displacement in these results is limited to ±60 mm, this means that
the armature end is within 3 pole pitches of the stator end
for the 16 pole and above cases.
4

D ISCUSSION AND C ONCLUSIONS

The results of this study show the significance of including the finite stator in the accurate determination of
the cogging force.
The peak cogging force with a 10 pole stator in Fig. 7
is over 207% higher than with the infinite stator. The second harmonics in Fig. 8 are 41% and 18.72% bigger than

2.5

Cogging Force [N]

2
8
10
12
14
16
18
20
infinite

1.5

1

0.5

0
0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

Harmonic Number

Figure 13: Cogging force for various stator lengths

the infinite stator length for the 10 and 20 pole stator respectively.
It was shown that additional harmonics exist when finite stator lengths are taken into account and further that
the consistency in the cogging force pattern deteriorated
as the stator length was shortened due to the end effects of
the armature and stator. Since there was only a marginal
difference in the cogging force harmonics when the armature was kept within 3 pole pitches of the stator end, it
is recommended that the stator be at least 3 pole pitches
longer than the expected travel of the armature to ensure a
consistent cogging pattern.
A comprehensive analysis of harmonic content and
forces has been given for a variety of pole numbers and
armature lengths, which show that conventional assupmtions about infinite lengths can result in substantial simplications and inaccuracies in harmonic content, nature and
magnitude of cogging force. A finite element analysis of
these forces has been presented and validated experimentally and this has allowed a comprehensive study of a variety of linear motor designs.
The accurate determination of actual cogging forces
can lead to more optimal motor design and also provide the
potential for improved cogging compensation techniques
implemented in motor controllers to further enhance the
accuracy of machine tool axes.
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